[1] The Sargasso Sea has been, and continues to be, the focus for research on new production in the open ocean. The history of the concept and the evolution of understanding of the mechanisms is reviewed from its inception in the early 1960s through a controversial period in the 1980s to the current status of a plethora of sources of new nitrogen. Rather than viewing all processes supplying new nutrients as uniformly distributed over the Sargasso Sea, it is now clear that new production in the northern or subtropical area is primarily sustained by nitrogen injection via mesoscale eddies and winter convection. In the tropical area, where permanent stratification precludes deep winter mixing and eddy kinetic energy is low, nitrogen fixation is potentially the dominant source along with diapycnal mixing and atmospheric deposition. The timescale of new production measurements has lengthened to an annual basis using time series measurements and satellite imagery but, in the context of climate change, should be lengthened further to greater than decadal scales.
Introduction
[2] The concept of ''new production'' is intimately tied to the Sargasso Sea because of both historical antecedents and current research. It was during the seminal period around 1960 when Ryther [1960, 1961a] defined the pattern of primary production in the oligotrophic gyres and Dugdale and Goering [1967] reported the first 15 N measurements in the ocean. Those measurements led directly to formulation of the new production concept and, later, the ''f ratio'' [Eppley and Peterson, 1979] (the ratio of new to total primary production). Building on the nascent time series at Hydrostation ''S'' (32°10 0 N, 64°30 0 W), geochemical estimates of new production during the 1980s [Jenkins, 1977 [Jenkins, , 1982b Jenkins and Goldman, 1985; Jenkins, 1988] led to increasing controversy over the magnitude of new production and its relationship to primary productivity [Platt and Harrison, 1985; Harrison et al., 1987] .
[3] The establishment of the U.S. Joint Global Ocean Flux Study (JGOFS) Bermuda Atlantic Time-series Study (BATS) (31°40 0 N, 64°10 0 W) in late 1988 has continued biogeochemical studies in the Sargasso Sea to the present. Long-term measurements of a suite of parameters have led to recent estimates of new and primary production [Lohrenz et al., 1992; Michaels et al., 1994b; as well as direct measurements of nitrate assimilation [Lipschultz, 2001] and nitrogen fixation [Orcutt et al., 2001] . The importance of N 2 fixation as a source of ''new'' nitrogen has emerged in the last decade [e.g., Gruber and Sarmiento, 1997] . The Sargasso Sea continues to be the site for significant efforts to understand interactions between the physical [e.g., Musgrave et al., 1988; Spitzer and Jenkins, 1989; McGillicudy et al., 1998 ] and biological processes [Doney et al., 1996; Marchal et al., 1996; Hood et al., 2001 ] that control new production in the oligotrophic gyres.
[4] This review covers the history of the new production concept from inception to current status. The historical section encompasses the years from 1957 through 1994 to provide the necessary context for discussion of the dramatic changes in understanding that have occurred in recent years. Consideration of the current status is then operationally divided into the local scale at the BATS site and basin-scale gyre processes. We conclude with the suggestion that the Sargasso Sea should not be viewed as a uniform regime: Rather it needs to be separated into northern (winter mixing) and southern (permanently stratified) regions where new production is influenced by different processes. In addition, we suggest that the traditional concept of new production and regenerated production be reevaluated in the context of deep mixing and ventilation timescales. 1982a; Sarmiento, 1983] , have been used to calculate a variety of geochemical rates including oxygen utilization [Jenkins, 1982b; Sarmiento et al., 1990] and nitrogen fixation Gruber and Sarmiento, 1997] . These calculations will be discussed in section 2.2.
[6] The northern sector of the Sargasso Sea experiences winter convection that brings nutrients into the surface layers and subsequent water column stabilization (stratification) and oligotrophy (i.e., extremely low nutrient concentrations). The southern, tropical Sargasso Sea remains permanently stratified and hence oligotrophic throughout the year. The BATS site is near the southern extent of the area affected by winter mixing. Further important distinctions between the northern and southern provinces of the Sargasso Sea will be delineated during this review. Finally, nutrients in the Sargasso Sea have an anomalous Redfield ratio, with N:P ratios much greater than 16 at certain depth ranges [Fanning, 1992; Michaels et al., 1994b Gruber and Sarmiento, 1997] . The processes causing and sustaining high ratios may relate to significant N 2 fixation in the gyre but remain controversial and unresolved.
[7] The salient biogeochemical feature at the BATS site is the period of enhanced primary productivity (variously called the ''spring'' or ''winter'' bloom) that occurs sometime between February and April [Menzel and Ryther, 1961a; Michaels et al., 1994b; Steinberg et al., 2001] . During the bloom, primary productivity increases to $800 -1500 mg C m À2 d À1 compared to summertime rates of $200 -400 mg C m À2 d À1 [Steinberg et al., 2001] . These bloom values are approximately twice the values observed in the 1957 -1963 period [Menzel and Ryther, 1961a; Platt and Harrison, 1985] . Bates [2001] has analyzed the interannual variability and found a significant inverse correlation between surface temperature and parameters such as mixed layer depth and rates of spring production. On an annual basis, there was a similarly higher productivity during 1989 -1997 when rates ranged from 114 to 196 g C m À2 yr À1 (average equals 154 ± 29) [Steinberg et al., 2001] . This is in contrast to values of 77 and 58 g C m À2 yr 1 during 1958 and 1959, respectively [Menzel and Ryther, 1961a] , and an average value of 82 g C m À2 yr À1 from 1960 to 1963 [Platt and Harrison, 1985] . The twofold to threefold difference is due perhaps to improved methods [e.g., Fitzwater et al., 1982] and perhaps to hydrographic differences between the decades.
[8] In the northern sector of the Sargasso Sea and at BATS, strong stratification develops after winter mixing, leading to oligotrophic conditions. Concentrations of nitrate and ammonium [Lipschultz, 2001] and of phosphorus [Cotner et al., 1997; Wu et al., 2000] fall below 0.01 mM. Primary production generally remains at a steady low level, but occasional bursts of productivity have been observed that nearly equal the winter bloom rates [Steinberg et al., 2001] , even in the absence of detectable nutrient concentrations. There is an important reduction of total CO 2 from the water column from April through September that remains a major enigma [Michaels et al., 1994a; Bates et al., 1996; Marchal et al., 1996] and will be discussed further in section 3.2. : 1957 -1980 [9] Several years after H. Stommel established the biweekly ''Panulirus Station'' or Station ''S'' off Bermuda to study the interaction of climate and ocean physics, D. W. Menzel and J. H. Ryther augmented it with a biogeochemical sampling program. Their pioneering efforts from November 1957 to April 1960 led to a spate of oft-cited papers [e.g., Menzel and Ryther, 1960; Menzel and Ryther, 1961a , 1961b , 1961c Menzel and Spaeth, 1962; Steele and Menzel, 1962; Menzel and Vaccaro, 1964] that formed the basis for much of biological oceanographic thinking over the ensuing decade. These papers defined the seasonal cycle of production and presaged many of the ideas that are just now being confirmed, such as the limitation of primary production by iron [Menzel and Ryther, 1961b] and high rates of nitrogen fixation in oligotrophic seas [Dugdale et al., 1961 [Dugdale et al., , 1964 . The data set generated by D. W. Menzel, J. H. Ryther, and colleagues over a 2 1/2 year period has been subsequently revisited by many investigators [e.g., Platt and Harrison, 1985] and provides an important comparison to the ongoing BATS results and other data sets collected in the Sargasso Sea.
Early Years
[10] The seasonal cycle described by Menzel and Ryther [1960] consisted of a winter-spring ''flowering'' in November through April followed by stratification and depletion of nutrients through the summer and fall months. Interestingly, the terminology for the high-production period has varied: Menzel and Ryther [1960] used ''winter buildup and spring flowering, if indeed the two could be separated, '' and Steele and Menzel [1962] simply called it the ''winter bloom.'' The current use of the term ''spring bloom,'' more consonant with the traditional spring bloom theory [Sverdrup, 1953] , is really a misnomer since the critical depth is usually not attained during the winter off Bermuda as it is farther north. The distinction means that organic matter can, and does, build up at the BATS site during convective mixing [Carlson et al., 1994; Hansell and Carlson, 1998, 2001] , whereas farther to the north, mixing to the critical depth leads to net respiratory consumption of production (i.e., zero or negative net community production (NCP)) and hence no buildup until stratification reduces the mixing depth.
[11] Arguably the most cited paper in biological oceanography, Dugdale and Goering's [1967] paper defining the new production concept also served as the method paper for measuring new production over subsequent decades. Building on the results of Menzel and Ryther, their experiments off Bermuda, as well as elsewhere on several research cruises, led to the insight that primary productivity could be separated into two components based on the source of the supporting nutrients [Dugdale and Goering, 1967, p. 196] .
We propose for the time being to call the primary production associated with ammonia (regenerated nitrogen) ''regenerated production'' and all primary production associated with newly available nitrogen, for example, NO 3 -N and N 2 -N, ''new production.'' Their measurements of ammonia and nitrate uptake using 15 N found that nitrate contributed only 2% of total nitrogen use in September -November 1962 and that ''new production'' increased to 19% by mid January 1963 as winter convection entrained nitrate into the euphotic zone.
[12] Several points from this seminal exposition that remain issues over 30 years later should be considered. The dichotomy between the nutrient sources was asserted for ''quasi steady state'' conditions [Dugdale and Goering, 1967, p. 205] . Losses due to sinking and mixing of phytoplankton and zooplankton grazing would be balanced by nitrate uptake, by nitrogen fixation, or by other N sources from outside the euphotic zone, but the definition of the required timescale remains problematic [Platt et al., 1989] . This issue was especially important over the ensuing 2 decades given the use of short-term 15 N incubations as the only measurement tool for quantifying new production. Although nitrogen fixation was not ruled out as an important source and available measurements indicated rapid turnover of Trichodesmium biomass [Dugdale et al., 1961 [Dugdale et al., , 1964 , nitrogen fixation was not pursued in subsequent assessments of new production and has only been seriously reassessed since the mid-1990s.
[13] Dugdale and Goering [1967] made two assumptions that are only now being found to be violated. First, insignificant rates of nitrification were required for nitrate to be considered a ''nonregenerated nutrient.'' Recent evidence suggests that a major fraction of the diapycnal flux of nitrate could arise from euphotic zone nitrification [Dore and Karl, 1996] , and constant nitrate concentrations in surface waters with concomitant isotopic dilution in 15 N tracer studies [Lipschultz, 2001] similarly suggest that nitrate is a recycled nutrient in stratified waters. A potentially significant role for dissolved organic nitrogen (DON) was also postulated. Again, subsequent measurements of isotope dilution of ammonium during assimilation experiments revealed rapid ammonium recycling in the Sargasso Sea [Glibert, 1982; Lipschultz, 2001 ] that can be used to correct assimilation rates for NH 4 + production arising from excretion by grazers and from DON remineralization. Direct use of DON for production is also now known [Palenik et al., 1989; Palenik and Morel, 1990; Bronk and Glibert, 1993] .
[14] Research during the 1970s, guided by the new production concept, was summarized by Eppley and Peterson [1979] , who related the relatively easy-to-measure, 14 C-based, total primary production to ''f,'' the ratio of new:total production, as measured by 15 N. New production was equated with nitrate assimilation and total production as the sum of nitrate and ammonium assimilation plus a correction factor for use of urea and other organic nitrogen sources that were not commonly measured. They found an initially linear relationship between the f ratio and primary production rates below 200 mg C m À2 yr À1 that then approached an asymptotic f ratio value of 0.5. This relationship permitted estimation of new production from primary production measurements and set the canonical value for the f ratio at 0.06 for the central gyres and 0.13 in the transitional zones between subtropical and subpolar regimes. A generation of biological oceanographers subsequently learned that oceanic new production was $10% of primary production. The utility of the f ratio relationship to primary production led to continued use and made the Eppley and Peterson [1979] paper another of the most cited in the literature.
Geochemical Years and Controversy: 1980s
[15] The 1980s saw the development of alternative strategies of assessing new production that focused on measuring the exported products of new production rather than the inputs of new nitrogen. These methods included several geochemical techniques [Jenkins, 1982b; Jenkins and Goldman, 1985; Jenkins, 1988; Spitzer and Jenkins, 1989 ] and a strong emphasis on sediment traps [Martin et al., 1987; Altabet, 1989b] . The geochemical estimates for the Sargasso Sea especially caused considerable controversy as they suggested values of new production that were equal to total production or an f ratio of 1.0 rather than the expected value of 0.1!
[16] Jenkins [1982b] initiated the debate with data on subsurface 3 He that was used to calibrate the residence time of water in the b triangle region of the Sargasso Sea (SE of Bermuda at 24°N). Combining the residence time with apparent oxygen utilization (AOU) permitted calculation of the oxygen utilization rate and hence the amount of carbon exported from the euphotic zone, i.e., new production. Thus, rather than quantifying the input terms for new nitrogen as defined by Dugdale and Goering [1967] , the technique measured exported carbon via the requirement of oxygen for remineralization. A major advantage was that the resulting interannual and geographical average value was closer to ''quasi steady state'' than short-term measurements using 15 N. The technique captured both degradation of sinking particulate material as it transited the various isopycnal layers as well as mineralization of ''preformed'' carbon as dissolved organic carbon (DOC) and particulate organic carbon (POC) present in source waters. For the b triangle region an export value of 55 g C m À2 yr À1 was calculated which was comparable to the extant values of primary production off Bermuda [Menzel and Ryther, 1961a] . Applying the residence times along isopycnals from the b triangle region to nitrate concentrations at a Geochemical Ocean Sections Study station (36°N, 68°W) near Bermuda resulted in a nitrate production rate of 0.7 mol N m À2 yr À1 which, converted to carbon units, was quite comparable to the value from the b triangle [Jenkins, 1982b] .
[17] A second geochemical approach took advantage of the seasonal cycle of O 2 in the euphotic zone [Shulenberger and Reid, 1981; Jenkins and Goldman, 1985] . Using data collected at Hydrostation S, Jenkins and Goldman [1985] constructed a balance of oxygen production and losses from April through August that required net community productivity (NCP) of 50 g C m
À2
yr À1 or 0.6 mol N m À2 yr À1 based on Redfield stoichiometry. With this second, completely independent assessment of new production again suggesting an f ratio of 1.0, the strong implication was that measured rates of primary production were too low by an order of magnitude. Subsequent analyses of oxygen balance in surface waters determined similar values of $0.45 mol N m À2 yr À1 [Spitzer and Jenkins, 1989; Sarmiento et al., 1990] .
[18] One important difference between the two geochemical methods is the impact of the winter mixing period. Accumulation of organic material does occur during winter mixing periods in the surface 250 m Carlson et al., 1994; Hansell and Carlson, 1998, 2001] . Since the oxygen balance in the mixed layer is set to zero each winter because of convective mixing and remains at zero until the onset of stratification, any new production during the overturn period would not be detected, and thus any export that took place during the mixing period would be missed. Estimates of new production calculated from O 2 drawdown from April -August would therefore underestimate annual new production rates. The 3 He approach, however, does include some portion of the bloom export, at least for depths below that of winter mixing. Another point to consider in comparing the similarity of the two geochemical estimates is the restriction of the Jenkins and Goldman [1985] analysis to 1961 -1970 (Figure 1 ) due to the ''anomalous character'' of the mid 1970s when the 26.2s t isopycnal deepened and the annual cycle of the bloom was eliminated because of warming of surface waters. Similar periods of increased stratification are seen in the position of the 26.0s t isopycnal in the late 1960s and early 1980s (Figure 1 ). The 3 He technique (1979 -1981) averages over the different timescales of isopycnals, which range from a few years to decades and so included the ''anomalous'' years.
[19] Both geochemical methods do not account for any particles that reach the seafloor since they do not contribute to AOU in the water column yet are still part of the surface export. Export would therefore be somewhat greater than the calculated values. The Ocean Flux Program off Bermuda samples this rain of exported particles with a moored sediment trap at 3200 m, observing episodes of rapid export from the surface [Deuser, 1986; Deuser et al., 1995] . In addition, any ''preformed'' carbon in the water when the tracer ''clock'' is set to zero would contribute to AOU but is difficult to reconcile with new production sources active elsewhere in the gyre.
[20] The high values of new production in the Sargasso Sea raised critical questions about the magnitude of the presumed nitrogen source: diapycnal mixing of nitrate from the nitracline. Estimates of source strength based on the nitrate concentration gradient and turbulent microstructure-based estimates of K z , the vertical mixing coefficient, suggested that diapycnal transport was far too small to support the high geochemical values of new production [Lewis et al., 1986] . More recent results using a water mass tracer confirm the magnitude of K z at $0.11 cm 2 s À1 [Ledwell et al., 1993] and so support a relatively small diapycnal flux of nitrate. Jenkins [1988] , using euphotic zone, calculated an upward flux of 0.6 mol N m À2 yr
À1
into the euphotic zone, consistent with both earlier estimates of new production. This result simply highlighted again the disparity between diapycnal estimates and the apparent requirement for a different transport mechanism. Jenkins [1988] suggested two alternative transport mechanisms for nitrate: isopycnal transport or ''nutrient injection events associated with mesoscale features.' ' Jenkins and Wallace [1992] proposed eddies to be ''the only feasible mechanism.'' As discussed in section 3.2, these mechanisms have, indeed, recently been shown to be important.
[21] Another approach to quantifying new production, taken by Harrison [1985, 1986] and Harrison et al. [1987] , exploited a relationship between the f ratio and nitrate concentration. A mathematical expression was fit to data from a coastal site and from the Scotian Sea that reached an asymptote at an f ratio of 0.83 at $0.5 mM NO 3 [Platt and Harrison, 1985] . Applying this formulation to nitrate data at Hydrostation S enabled calculation of a time series of new production and a comparison to measured total production. The average annual f ratio (1960 to mid 1963) was calculated as 0.31 for an average total production of 82 g C m
À2
yr À1 [Platt and Harrison, 1985] , slightly higher productivity than values reported by Menzel and Ryther [1961a] for 1958 and 1959. Using a different photosynthetic quotient to convert carbon to oxygen production and the higher f ratio, Platt and Harrison [1985] concluded that their value for new production was consistent with that of Jenkins and Goldman [1985] .
[22] Although it is an interesting approach, the relationship between nitrate and the f ratio was not based on oligotrophic regimes, and for concentrations below 0.25 mM the data used by Platt and Harrison [1985] spanned the entire possible range of f ratio values. Given that even lower concentrations are characteristic of the oligotrophic gyres, the relationship was not well constrained over the necessary concentration range for much of the year [Goldman, 1988] . Recent measurements employing nanomolar level detection of nitrate failed to find a relationship between nitrate concentration (<0.25 mM) and f ratio at the BATS site [Lipschultz, 2001] , a result essentially similar to that of Platt and Harrison [1985] .
[23] Contrasting results from the 1960s era to the current BATS data set reveal a clear difference between the nitrate concentrations during -1963 ) and those present during the 1990s (Figure 3a) . The earlier measurements found >0.8 mM nitrate at 100 m during the summer months [Ryther and Menzel, 1964] , in contrast to the BATS data set where such values are reached only during a short period toward the end of the winter convective period. Summertime values at 25 m at the BATS site are uniformly undetectable using colorimetry ( Figure 3a ) (actually $0.010 mM from 1990 -1992 [Lipschultz, 2001] ), whereas in the 1960s values were commonly observed in the 0.1 -0.2 mM range. Indeed, peak values at 25 m during the winter of 2 mM in 1959 and >1.2 uM in 1958 and 1964 [Ryther and Menzel, 1964] are far higher than the maximum value of 0.8 mM observed even at 40 m during the entire 10 year BATS period. Calculating the f ratio [Platt and Harrison, 1985] for the BATS data ( Figure 3b ) illustrates a clear dichotomy between the periods of convective mixing and stratification that is not present in the earlier data ( Figure 2b ). Given that the same basic method for nitrate analysis was used at BATS and during the 1960s, it is difficult to attribute these differences to analytical issues such as blank correction. In addition to nitrate, ammonium concentrations differ greatly between the time periods [Lipschultz, 2001] .
[24] These differences in nutrient levels might reflect interannual basin-scale changes driven by the North Atlantic Oscillation (NAO) which was in a negative index state during the late 1950s and 1960s compared to the positive state prevailing during the BATS period [Hurrell, 1995] . The NAO is the dominant mode of climate variability affecting weather systems in the North Atlantic [Cayan, 1992a [Cayan, , 1992b Hurrell, 1995; Kapala et al., 1998; Rodwell et al., 1999] . The NAO is a dipole meridional oscillation in atmospheric pressure between the Iceland Low and Azores High, commonly determined from sea level pressure differences between Lisbon, Portugal, and Stykkisholmur, Iceland. If the NAO index is negative, storm tracks are thought to shift southward, cooling surface waters, enhancing 18°C mode water formation, and deepening winter mixed layers [Rodwell et al., 1999] . During positive NAO winters, reduced wind stress and heat exchange lead to the development of warm temperature anomalies in the subtropical gyre [Bjerknes, 1964; Cayan, 1992b Cayan, , 1992a ] with a magnitude between 0.2°and 0.4°C [Davies et al., 1997; Kapala et al., 1998; Bates, 2001 ].
[25] The interannual variability of temperature and biogeochemical parameters is linked to variability in wintertime convection [Bates, 2001] , which is significantly correlated to the NAO [e.g., Dickson et al., 1996; Joyce and Robbin, 1996] . The entire subtropical North Atlantic is likely responding in a coordinated, basin-wide manner to interannual variability. This conclusion is in line with results of the modeling studies by Williams et al. [2000] and by McKinley et al. [2000] , who also found that variations in heat fluxes and wind stirring leading to variations in wintertime mixed layer depths are the main drivers for interannual variability in export production and seasonal oxygen fluxes.
[26] Sediment traps, designed to directly capture the efflux of particles from the euphotic zone, began to be deployed during the 1980s as another alternate measure of new production. The paradigm was that in ''quasi steady state'' the sinking particle flux and the inputs of new nitrogen should be in balance. Traps were viewed as ''rain collectors,'' catching the vertical flux of sinking material such as zooplankton fecal pellets and other detritus. Early results using traps in oligotrophic waters of the Pacific Ocean supported this view, reporting an f ratio of 0.14 [Martin et al., 1987] , close to the value of 0.06 predicted by Eppley and Peterson [1979] . Using near-surface traps in the Sargasso Sea, Altabet et al. [1986] and Altabet [1988 Altabet [ , 1989a Altabet [ , 1989b ] also found a low f ratio, compatible with expectations and not supporting the higher values of Jenkins [1982b] , Jenkins and Goldman [1985] , and Jenkins [1988] . Deep, moored sediment traps were also deployed near Bermuda, and particle flux to the deep sea was found to be variable on a variety of timescales [Deuser and Ross, 1980; Deuser, 1986] . [27] As traps began to be used more commonly to evaluate new production, concern arose about the efficacy of sediment traps as quantitative samplers of exported particles. Issues such as attraction of zooplankton into traps in search of food , high horizontal approach velocities causing ''winnowing'' and inefficient trapping [Gust et al., 1992; Buesseler et al., 1994; Buesseler, 1998 ], and a lack of correlation with surface primary production [Michaels et al., 1994a] have all eroded confidence in the technique. There has been continued effort to redesign sediment traps to avoid these methodological issues. Buesseler et al. [2000] , for instance, have recently designed a free-floating trap that greatly reduced the shear across the trap mouth, with the result that ''swimmer'' biomass and trap flushing were greatly reduced, at least for the low-flow conditions of the deployment. Continued deployment of these traps under a variety of flow conditions is required to assess particle export on a regular basis.
[28] New approaches to quantifying the particle efflux have been developed and compared to traditional trap designs. The radionuclide 234 Th has been utilized by Buesseler et al. [1992 Buesseler et al. [ , 1994 and Buesseler [1998] , who have found POC export production from a range of oceanic regimes, including at the BATS site, in the range of 5 -10% [Buesseler, 1998 ], again commensurate with the traditional new production paradigm. This technique suggests that traditional surface-tethered traps can either greatly overestimate or underestimate the export flux depending on the local conditions.
[29] Relating trap data for a given time interval and deployment depth to processes in overlying waters is also fraught with interpretation pitfalls since particles entering a trap can originate from distant sites of origin [Siegel et al., 1990; Siegel and Deuser, 1997] , although this is primarily a concern for moored traps set deep in the water column rather than for drifting traps set just below the euphotic zone.
[30] It has also been recognized that traps do not represent the entire suite of export processes composing new production. Evidence of significant DOC export has been noted in the Sargasso Sea as well as other sites [Carlson et al., 1994; Hansell and Carlson, 1998, 2001] . Zooplankton not only produce fecal pellets at the surface, but since vertical migration is common, they can transport carbon and nitrogen from the euphotic zone to greater depths via respiration and excretion, thus bypassing sediment traps altogether [Longhurst and Harrison, 1988] . Estimates at the BATS site [Dam et al., 1995; Steinberg et al., 2000] suggest that this flux can approach the magnitude of the gravitational flux.
[31] Measurements of new production using 15 N tracers also came under suspicion at this time. Earlier works cited by Eppley and Peterson [1979] did not account for the effects of rapid ammonium regeneration , and tracer additions were large because of an inability to measure nutrient concentrations at sufficiently low levels. Rapid rates of shallow nitrification and problems with isotopic mass balance raised additional concerns [Ward et al., 1989] . Advances during this period permitted measurements of nanomolar levels of nitrate [Garside, 1982 [Garside, , 1985 and ammonium [Brzezinski, 1987 [Brzezinski, , 1988 Jones, 1991] , but application of these techniques to 15 N incubations was limited until recently and will be discussed in section 3.1. [32] In addition to nitrate, nitrogen fixation is a potential source of new nitrogen to the euphotic zone. The advent of the acetylene reduction assay in the early 1970s permitted rapid expansion of research efforts compared to use of 15 N [Dugdale et al., 1961 [Dugdale et al., , 1964 . The Sargasso Sea was a focal point for such work by Carpenter and his colleagues [Carpenter, 1972 [Carpenter, , 1973 Carpenter and McCarthy, 1975; Price, 1976, 1977; McCarthy and Carpenter, 1979] . Summarizing results for the Atlantic, Carpenter [1983] reported a value of about 9 mmol N m À2 d À1 , a low value compared to diapycnal fluxes [McCarthy and Carpenter, 1983] . One result of the low value was that little further research on nitrogen fixation was conducted in the ensuing years until the 1990s when Carpenter and Romans [1991] reported very high rates for the Sargasso Sea, including off Bermuda. This report stimulated considerable subsequent research, and rates are now thought to be substantially greater than the Carpenter [1983] value but not as high as Carpenter and Romans [1991] whose estimate included a miscalculation and assumptions favoring high values [Lipschultz and Owens, 1996] . The current status of nitrogen fixation is discussed in section 3.2. : 1989 -1994 [33] The BATS program began in October 1988 with a series of monthly measurements (biweekly during the winter bloom) that continues today. The program was designed to study biogeochemical cycling of carbon by applying improved methodologies for primary production, for bacterial processes, for CO 2 , and for sinking flux. A wide variety of ancillary research (see http:// www.bbsr.edu or ) has been conducted in parallel with the monthly suite of measurements. Understanding of the carbon cycle is now likely more complete at the BATS site than anywhere else in the ocean.
BATS Era
[34] One of the first results was the increased rate of primary production measured at the BATS site compared to earlier results for the Sargasso Sea [Menzel and Ryther, 1961a] or to other oligotrophic regimes [e.g., Eppley and Peterson, 1979] . Over 10 years a nearly twofold range of production, from 114 to 196 g C m À2 yr
À1
, has been observed [Steinberg et al., 2001] compared to 58 -82 g C m À2 yr
for the earlier time series [Menzel and Ryther, 1961a; Platt and Harrison, 1985] . Sediment trap data indicated that 7.7% of annual primary production was exported as carbon [Michaels et al., 1994b] , a low value compared to the geochemical estimates but close to the canonical value of 6% for such a region. However, applying the Eppley and Peterson [1979] relationship to the new values of primary production would predict an f ratio value of nearly 30%.
[35] Estimates indicated that a large fraction of the annual amount of new production could be accounted for during the bloom period. Michaels et al. [1994b] calculated a value of 0.11 -0.22 mol N m À2 for February 1989 based on oxygen balance, a method similar to Jenkins and Goldman [1985] . This would account for a substantial portion of the 0.45 -0.61 mol N m À2 expected for the entire year based on geochemical estimates [Jenkins and Wallace, 1992] . Another estimate, based on the disappearance of nitrate between cruises in February to March after the water column stratified, was lower, 0.054 mol N m À2 , but Michaels et al. [1994b] pointed out that this was a minimum estimate due to continued resupply of nitrate during the interval. Their supposition is supported by recent measurements of 15 N assimilation rates that indicate rapid cycling of nitrate and so supports potentially considerably greater new production values during periods of convective mixing [Lipschultz, 2001] . In addition, Carlson et al. [1994] found convective mixing of dissolved organic matter could account for approximately 1 mol of annual carbon export out of the euphotic zone during winter mixing periods. These results suggest that the mixing period is a major component of annual new production but a fraction missed by geochemical estimates of new production that begin with stratification.
[36] Capping the historical review is the issue of the summertime removal of inorganic carbon at the BATS site (Michaels et al., 1994a; Bates et al., 1996) . Measurements of the annual cycle of CO 2 revealed a net loss of total CO 2 from the mixed layer (0 -150 m) during April -December 1992 of $2.6 mol C m À2 [Michaels et al., 1994a] , which would require 0.39 mol N m À2 if the traditional Redfield ratio is applied. This measurement implied that nearly all of the 0.45 -0.61 mol N m À2 annual geochemical estimate of new production [Jenkins and Wallace, 1992] occurs when there are no measurable nutrients in the surface water! An alternative scenario required a massive deviation from the Redfield assumption to remove the carbon with little nitrogen input [e.g., Sambrotto et al., 1993] . At the time, there was little evidence for such a deviation since the C:N of sediment trap material at BATS was only slightly higher than Redfield. Continued measurements of the inorganic carbon cycle at the BATS site have found that air-sea CO 2 exchange is quite important and, by refining the calculation, results in a smaller summertime CO 2 drawdown attributable to biological processes [Bates et al., , 1998 Gruber et al., 1998 ] but still a significant amount of the annual estimate. The d 13 C data also support significant NCP in the summer [Gruber et al., 1998 ].
[37] Several sources of new nitrogen other than nitrate were considered that could support such net community production [Michaels et al., 1994a] . Nitrogen fixation would require rates of nearly 1.6 mmol N m À2 d À1 , far higher than typical values in the northern Sargasso Sea (Table 1) or even the highest estimates for the North Atlantic of 0.07 -0.36 mmol N m À2 d À1 [Carpenter and Romans, 1991] . Another potential source is from wet and dry atmospheric deposition of inorganic or organic nitrogen. Several assessments have been made with the conclusion that, despite potentially strong localized influence [Glover et al., 1988] , the magnitude was insufficient to be important on an annual basis [Knap et al., 1986; Michaels et al., 1993] . Identifying the source of nitrogen for the CO 2 drawdown and the mechanisms of transport of the carbon from the euphotic zone to depth remains problematic.
[38] In summary, by the end of the early 1990s it was clear that new production was greater than envisioned at the end of the 1970s [Jenkins and Wallace, 1992] but accounted for 20 -40% of the total production measured by the BATS program rather than nearly 100%. The winter bloom contribution was large, although there were no good data to quantify the effect of continued convective mixing. Surprisingly, the summertime was apparently a major component of annual new production. However, the source of new nitrogen to support such a high level was uncertain, with nitrogen fixation and mesoscale eddies suggested as candidates. Evidence was scant for either process. Sediment traps had major biases that diminished their effectiveness as measures of export production, and the utility of 15 N measurements in oligotrophic waters was constrained by low nutrient concentrations.
Current Status
[39] Given the difference in mechanisms involved in new production during the winter convection compared to the summer oligotrophic period in the northern sector of the Sargasso Sea, we will focus discussion on each period independently. Similarly, there are local-and regional-scale processes affecting new production, and the discussion will begin with the local scale by considering processes at the BATS site and then will conclude with the largerscale view.
[40] It is useful at this juncture to contrast the coming increase in complexity of the new production concept with the prior paradigm. The operational view for 2 decades was that of diapycnal mixing (vertical diffusion) supplying new nitrate, balanced by export loss as sinking particles sampled by sediment traps (Figure 4a) . A larger suite of processes is now thought to support new production (Figure 4b) , not only in the Sargasso Sea but also in the North Pacific Subtropical Gyre at the Hawaii Ocean Time-series (HOT) site [e.g., Dore and Karl, 1996] . Some of the processes, such as nitrogen fixation and nitrification, were envisioned but dismissed as negligible [Dugdale and Goering, 1967] . Others such as eddy pumping, Ekman transport, and zooplankton migration are more recent additions to the canon. These processes are introduced in sections 3.1 -3.3 along with estimates of their magnitude (Table 2) .
BATS: Winter Convection and Bloom
[41] Cold, dry winter air forces convective cooling of surface water at the BATS site that, in most years, is sufficient to induce mixing into nutrient-rich waters at $100 m depth. The increased nutrients, combined with mixing shallower than the critical depth of the phytoplankton, leads to the ''winter bloom'' first described by Menzel and Ryther [1960] , who pointed out that 60% of annual production occurred from January to April. A similar situation has been observed over the decade of BATS measurements [Steinberg et al., 2001 ] with particularly clear examples described for 1992 and 1993 by Carlson et al. [1994] and for 1995 by Hansell and Carlson [1998] . The depth of mixing, however, has varied substantially each year since Hydrostation S started [Michaels, 1995, Figure 1] , and therefore the intensity of the bloom has also varied. Strong stratification and mild winters have led to weak (if any) blooms during the mid 1970s [Jenkins and Goldman, 1985] and in some of the BATS years (e.g., 1990 and 1997) . Some degree of the interdecadal variability can be attributed to the NAO that affects STMW formation [Rodwell et al., 1999] and likely links to biogeochemical processes at BATS [Bates, 2001] .
[42] Estimates of new production during this period can be made based on the maximum observed nitrate level just prior to its subsequent complete consumption after stratification. Michaels et al. [1994b] calculated a value of 0.054 mol N m À2 for 1989 and then extended back through 1955 using a temperature- [NO 3 À ] relationship . The longer-term record suggested that wintertime new production could range from zero to nearly 0.45 mol N m À2 ! Focusing on the years 1961 -1970 used by Jenkins and Goldman [1985 ] or 1985 -1987 used by Jenkins [1988 , this approach yields an average contribution during winter mixing of $0.31 mol N m À2 yr À1 and $0.14 mol N m À2 yr À1 , repectively, or 25 -60% of the annual amount [Jenkins and Wallace, 1992] .
[43] Recent application of traditional 15 N techniques for measuring nitrate assimilation also supports a major contribution to new production during the bloom [Lipschultz, 2001] . Turnover times for nitrate were rapid while concentrations remained constant over several weeks because of convective mixing. Measured f ratios approached 1.0 with nearly all of the primary productivity therefore supported by nitrate assimilation. Considering the weeks of high productivity supported primarily by convectively mixed nitrate, estimates based on simple disappearance after stratification are clearly minimal [Michaels et al., 1994b] . Intermittent stratification and destratification might also act to increase productivity while never fully consuming nitrate .
[44] Another feature of this period, recently reported by Carlson et al. [1994] and Hansell and Carlson [1998, 2001] , is the production and export of significant amounts of DOC. DOC concentrations can increase dramatically during winter mixing periods concomitant with increased particle export. The depth of mixing relative to the 0.1% light level (euphotic zone) appears related to the extent of DOC export with little net DOC production and export if mixing is <150 m [Hansell and Carlson, 2001] . In the early 1990s, when deep mixing events reached depths >250 m, export of DOC out of the euphotic zone ranged from 1 to 1.4 mol C m 2 yr À1 [Carlson et al., 1994; Hansell and Carlson, 2001] compared to the annual export of 3 -4 mol C m À2 yr À1 [Jenkins and Wallace, 1992] .
[45] Although winter convection brings large amounts of nitrogen to the surface, the anomalous, high N:P ratio of the Sargasso Sea [Fanning, 1992] means that phosphorus should be a limiting nutrient. Wu et al. [2000] have certainly found inorganic phosphorus levels in the surface of the Sargasso Sea to be extremely low, <1 nM, especially compared to levels of $40 nM off Hawaii at HOT where evidence suggests P limitation [Karl et al., 1997; Wu et al., 2000] . Current data sets are too incomplete to attempt a phosphorus budget comparable to the carbon budget of Hansell and Carlson [1998] . Certainly, it is interesting to consider the implications of phosphorus limitation on new production, including the potential to cause high DOC production [Cotner et al., 1997; Rivkin and Anderson, 1998 ]. However, PO 4 = -enriched seawater cultures (from the BATS site) did not enhance bacterial growth [Carlson and Ducklow, 1996] or affect DOC consumption by bacterioplankton (C. A. Carlson et al., The effect of nutrient amendments on bacterioplankton growth, DOC utilization, and community structure in the northwestern Sargasso Sea, submitted to Aquatic Microbial Ecology, 2001). Also, Hansell and Carlson [2001] demonstrate the absence of net DOC production during summer months when nutrient limitation is greatest.
[46] An important issue to consider is exactly how much of the large amount of wintertime new production is truly ''new.'' Harking back to Dugdale and Goering's [1967] definition, what timescale is sufficiently long to achieve ''quasi steady state''? Martin et al. [1987] demonstrated that the downward flux of particulate organic material decreases exponentially in the surface few hundred meters as a result of remineralization. Jenkins and Goldman [1985] found that the majority of oxygen consumption that occurred over the 100 -400 m depth interval occurred between Carlson et al. [1994] and Hansell and Carlson [2001] showed that all of the carbon exported from the euphotic zone during winter mixing is remineralized to prebloom concentrations at depth in the subsequent summer and autumn months. Taking a one-dimensional (1-D) view, any organic material exported from the euphotic zone but remineralized to CO 2 (and NO 3 À ) within the depth horizon of the subsequent year's ventilation or deep mixing depth should not be considered a long-term export but should be considered ''regenerated'' production on longer timescales. Only particles that sink beyond this depth horizon would be considered new production on a longer timescale. Given the variable nature of winter mixing and the associated interannual variability of DOM export [Hansell and Carlson, 2001 ], a multiyear timescale might therefore be required to adequately define ''new.''
[47] However, the 1-D view, while still dominating much thinking about oligotrophic gyres, is clearly no longer adequate with increasing realization (and evidence) of the importance of horizontal physical processes. Overlaid on the 1-D view is the gradual shallowing of the depth of maximum winter mixing as the Sargasso Sea is traversed from north to just south of Bermuda where stratification is present year-round [Woods and Barkmann, 1986; Williams and Follows, 1998 ]. Combined with the gyre circulation, a fraction of exported production in the northern Sargasso Sea is thus transported southward where winter mixing is progressively shallower. Some fraction of new production from the north is thus returned to the surface each year, albeit progressively less far south into the gyre, while the remainder continues to be transported southward at depth [Williams and Follows, 1998 ].
[48] In addition, given the ventilation timescales of <10 years for water above $500 m [Jenkins, 1982a; Sarmiento, 1983] , it would also seem useful to consider longer time periods as significant for discussions of climate scale-changes in carbon cycling. Exported nitrogen (and carbon) that is not returned to the surface annually but is remineralized above 500 m would still return to the surface within a decade. Exported material needs to reach sufficiently deep in the water column to layers that would not ventilate for a long enough time so that it could be considered ''out of play'' for issues of climate change.
BATS: Oligotrophic Period (April -November)
[49] The onset of summer stratification rapidly leads to nearly complete consumption of nutrients, for example, $0.01 mM NH 4 + or NO 3 À [Lipschultz, 2001] and <1 nM PO 4 = [Wu et al., 2000] . Measured nitrate assimilation rates are low and largely derived from in situ nitrification and so should be considered ''recycled'' nitrogen [Lipschultz, 2001] . Primary productivity remains low, although occasional bursts of high production have been noted over the 10 year record at BATS [Steinberg et al., 2001] .
[50] However, as noted in section 2.3, the salient scientific issue of this time period is the high net community production as evidenced by loss of total CO 2 (TCO 2 ) from the euphotic zone . This loss far exceeds potential diapycnal input of nutrients needed for balanced growth, especially given the lack of any nutrient gradient within the upper 100 m depth zone during this period [Lipschultz, 2001] . Advection of nutrients does not appear important since surrounding surface waters are similarly oligotrophic, and Gruber et al. [1998] did not require significant advection to balance the 13 C budget in the mixed layer at BATS. Production of organic matter with a very high carbon:nitrogen ratio [Sambrotto et al., 1993] could resolve the paradox, and Ono et al. [2001] have recently estimated a C:N of 19 for exported material, requiring a nitrogen input of 0.080 ± 0.046 mol N m À2 from mid April to mid December to support the carbon export. This is far smaller than 0.39 mol N m À2 [Michaels et al., 1994a ] required based on Redfield assumptions.
[51] One newly recognized, major source of nitrate during this period is mesoscale eddies [McGillicudy and Robinson, 1997; McGillicudy et al., 1998 ] which are abundant in the northern Sargasso Sea. Eddies were suggested as a potential new nitrogen source by Jenkins and Wallace [1992] , but the magnitude of this source has only recently been estimated [McGillicudy and Robinson, 1997; McGillicudy et al., 1998; Oschlies and Garçon, 1998; Siegel et al., 1999] , accounting for $0.25 mol N m À2 yr À1 (Table  2) . Cyclonic eddy circulation potentially can lift isopycnal surfaces closer to the surface so that the nitracline and overlying chlorophyll maximum encounters higher irradiance, thus enhancing new production. McNeil et al. [1999] observed the passage of an eddy past the Bermuda test bed mooring ] that raised the 18°C isotherm from 150 m to nearly 40 m. However, this mechanism transports not only nitrate into the euphotic zone but also an excess of CO 2 , since the depth of increased CO 2 (formed via remineralization) is actually shallower than the nitracline. The result is zero net export of carbon [McGillicudy et al., 1998 ] or even a net import into the euphotic zone [Bates, 2001] . This mechanism might play a role, however, in sustaining the anomalous NCP if it fosters production of rapidly sinking particles that are remineralized deeper than normal.
[52] Nitrogen fixation has been proposed as the major source of nitrogen supporting the summertime NCP [Marchal et al., 1996; Gruber et al., 1998 ]. As noted in section 2.2, for a long time, nitrogen fixation was estimated to be a small component of new production [Carpenter, 1983] , but reassessment of old measurements, in addition to new measurements [Capone et al., 1997] and geochemical models, suggests that it is important, especially in the southern Sargasso Sea. Both geochemical and direct estimates for nitrogen fixation are dwarfed by the NCP nitrogen requirement if Redfield ratios are assumed to apply. However, as noted earlier, Ono et al. [2001] has recently revised the N requirement down to 0.080 mol m À2 based on evidence of high C:N export.
[53] At the BATS site a nearly 3 year time series clearly illustrates a consistent seasonal cycle of colony abundance and areal nitrogen fixation rates by Trichodesmium that both peak in late summer [Orcutt et al., 2001] . The seasonal cycle can be replicated in a model based on the high respiration rate of the organism, which in periods of deep mixing causes local population reduction [Hood et al., 2001] . In contrast to most previous work, fixation by the colonial form appears to be a small component compared to the potential for fixation by free-living trichomes [Orcutt et al., 2001] : A similar pattern has been observed in the Pacific Karl, 1996, 1998 ]. Combining contributions from both free and colonial Trichodesmium, Orcutt et al. [2001] calculated a rate of 0.015 mol N m À2 yr
À1
, higher than the $0.002 mol N m À2 yr À1 calculated earlier for the Atlantic [Carpenter, 1983] but still considerably less than the 0.39 mol N m À2 yr À1 [Michaels et al., 1994a] or even the 0.080 mol N m À2 yr À1 [Ono et al., 2001] required to sustain the TCO 2 loss. Orcutt et al. [2001] found a high ratio for carbon fixation to nitrogen fixation (128) by Trichodesmium colonies at the BATS site, which suggests that the measured fixation rate could remove the requisite amount of carbon if both carbon and nitrogen were transported sufficiently deep without being remineralized in the euphotic zone or appearing in sediment traps. However, the late summer peak in nitrogen fixation occurs too late compared to the TCO 2 loss that begins immediately after stratification and continues unabated through to September .
[54] Nitrogen fixation in the North Atlantic has recently been estimated Gruber and Sarmiento, 1997] using a geochemical technique that is based on the anomalous N:P ratio at the BATS site and in the Sargasso Sea in general [Fanning, 1992; Michaels et al., 1994b] . The anomalous ratio is suggested to arise from remineralization of high N:P Trichodesmium colonies, which act to increase the nitrate concentration relative to phosphorus from $250 to 800 m. The deviation of the N:P ratio from Redfield proportions (termed N*) is calculated as (([NO 3 À ] À 16[PO 4 = ] + 2.9)0.87) [Gruber and Sarmiento, 1997] so that high N* values (>2.5) reflect nitrogen fixation. After accounting for the source water N* value at the isopycnal outcrop and then applying the ventilation timescales for the different isopycnal layers, a nitrogen fixation rate of 0.019 -0.091 mol N m À2 yr À1 for the region from 10°-40°N or 0.072 mol N m À2 yr À1 for the entire North Atlantic [Gruber and Sarmiento, 1997] can be calculated to sustain the anomalous ratio against mixing. Recent evidence of isotopically light NO 3 À in the depth interval of maximal N* can also be interpreted as arising from nitrogen fixation and provides additional support for high rates of fixation in the Sargasso Sea [Altabet et al., 1999] .
[55] High rates of nitrogen fixation at the BATS site based on geochemical evidence pose some interesting issues. A 9 year record of N* exhibits a seasonal cycle in the shallow isopycnals ( Figure 5 ), but the increase begins quite late in the year compared to the observed seasonal peak of nitrogen fixation [Orcutt et al., 2001] . Even allowing a lag period for remineralization to occur, this suggests a weak linkage between N* and nitrogen fixation. The measured rates of Orcutt et al. [2001] at the BATS site are nearly fivefold lower than the geochemical estimates, although the geochemical calculations of Gruber and Sarmiento [1997] are for the entire Sargasso Sea. Measured rates in the tropical region of the gyre of $0.039 mol N m À2 yr À1 [Capone et al., 1997] and 0.034 mol N m À2 yr À1 [Orcutt et al., 2001 ] do approach the required magnitude. The appearance of the large N* signal at the BATS site without sufficient local fixation, however, requires transport of the signal from the south, against the prevailing circulation from the northeast [Siegel and Deuser, 1997] .
[56] The mechanism of transport linking surface nitrogen fixation to the N* signal at depth remains uncertain. The strong seasonal pulse of nitrogen fixation in the late summer at BATS does not appear in the water column in any dissolved or particulate form [Hansell and Carlson, 2001] , although the magnitude may be too small to discern. If colonies were remineralized at the surface, then export would likely occur gradually over time because of efficient nitrogen recycling in the mixed layer and so would be difficult to detect with sediment traps. One might not expect a surface nitrogen accumulation if Trichodesmium colonies (and free trichomes which appear to be the major contributor to areal rates [Orcutt et al., 2001] ) die and rapidly sink out of the euphotic zone. However, colonies are not commonly found in sediment traps (although traps might specifically undercollect them for some reason). Sediment trap material should also reflect the light isotopic signature of nitrogen fixation, yet shallow trap material at BATS is about +3.7d, too heavy to support significant nitrogen fixation [Altabet, 1988] .
[57] Grazing by zooplankton on Trichodesmium is another possible transport mechanism. Grazing on colonies has been observed [O'Neil et al., 1996] , but known grazers are too few [Roman, 1978] to counter the colony growth rates predicted by high fixation rates. Vertical migration by colonies has been suggested as a potential mechanism where colonies would leave the surface to ''mine'' phosphorus to balance nitrogen for growth [Karl et al., 1992] , but migration to the phosphacline alone does not transmit the N* signal to sufficient depth. Colonies could die or be grazed at depth; however, that process has yet to be observed. Another possibility is significant grazing at the surface by verti- cally migrating zooplankton that would swim past sediment traps and then excrete nitrogen at the required depths. Excretion of respiratory nitrogen by migrating zooplankton has been estimated at 2 -5 mg N m À2 d À1 at BATS [Dam et al., 1995] , which if extrapolated over the year would be 0.05 -0.13 mol N m À2 yr À1 or an amount comparable to the N*-based nitrogen fixation rate, especially since this estimate does not include DON excretion. The potential for significant fixation by free trichomes [e.g., Orcutt et al., 2001] presents another issue since the potential for grazing or sinking, etc. is unknown for this growth form.
[58] In addition to the seasonal cycle of nitrogen fixation at the BATS site, there is also interannual variation. Orcutt et al. [2001] found fivefold higher fixation by colonies of Trichodesmium in 1996 than in either 1995 or 1997. The record of N* at the BATS site also exhibits large variations over the 10 year record ( Figure  6 ), with high levels in 1989 -1990, 1992 -1993, and 1996 -1997 and low levels in 1994 -1995. The challenge, as usual, will be to interpret the one-dimensional temporal signal in the context of the larger-scale circulation as well as the potential factors which might affect nitrogen fixation locally at the BATS site.
[59] As discussed in section 2.3, atmospheric inputs of nitrogen from wet and dry deposition have been assessed and found to be a small contribution to new production [Knap et al., 1986; Michaels et al., 1993] . In contrast, the most recent compilation for the North Atlantic , which includes the contribution of DON, reports that atmospheric N input is comparable to that of nitrogen fixation. Relying on measurements over many years, the Bermuda region received an input of DON at 10 mmol N m À2 yr À1 , of NH x at 2.4 -4.2 mmol N m À2 yr À1 , and of NO y at 4.9 -6.4 mmol N m À2 yr À1 for a total ranging from 17 to 21 mmol N m À2 yr À1 . As with nitrogen fixation, it is important to note that this source includes limited amounts of phosphorus so that for the entire North Atlantic the N:P ratio of atmospheric input is nearly 175 .
New Production Over the Entire Sargasso Sea
[60] Research near Bermuda, and in particular at BATS, is generally thought to represent the entire Sargasso Sea, although there is accumulating evidence that this generalization is too broad. As we discuss below, the boundary of winter convective mixing at $30°N also marks a boundary for other physical and biological processes that we are only beginning to recognize. Cross-basin comparisons are currently few, although several programs are conducting research that should provide some of the necessary data to better understand the gyre-scale processes. [61] Given an approximately twelvefold higher fixation rate in tropical regimes compared to the subtropical regimes [Capone et al., 1997] , the N* signal should be strongest in the southern Sargasso and weakest in the northern region. The lower subtropical rates are likely due to reduced populations of Trichodesmium during winter mixing [e.g., Hood et al., 2001] . At the BATS site, high rates are limited to late in the stratification period [Orcutt et al., 2001] , presumably because of the requirement of a seed population to initiate population growth from remnants of previous summer populations or to recolonization of the region from the year-round southern population. Given the temporal signal at BATS and the gyre circulation that moves water from northern outcrops to the south, one might expect a temporal signal superimposed on a north to south gradient along isopycnals where ventilation occurs only over a multiyear period. However, N* calculated from the World Ocean Circulation Experiment data set along 66°W demonstrates no evidence of a north-south temporal signal (Figure 7 ). There is a small increase in the south along deep isopycnals, but given continuous input of N* signal from above over the $7 -8 year residence time of a central isopycnal such as 26.5 s t , one would expect a larger increase. The already high values in the subtropical region are themselves difficult to explain given the limited amount of nitrogen fixation observed above 30°N. An alternative explanation of the N* signal suggests differential mineralization of DON versus dissolved organic phosphorus (DOP) during Ekman transport of material produced along the periphery of the gyre, rather than nitrogen fixation. If N* is not entirely attributable to nitrogen fixation, then nitrogen fixation makes a smaller contribution to annual new production but still is a significant contributor as a net sink for carbon.
[ . However, there is a strong north-south gradient in eddy turbulent kinetic energy, with the result that the tropical Sargasso Sea (<30°N) has been estimated to receive a limited input from eddies (0.01 mol N m À2 yr À1 ) [Oschlies and Garçon, 1998 ]. The latitudinal gradient again supports the differentiation of the Sargasso Sea into a northern and a southern regime in considering the magnitude and processes affecting new production.
[63] Ekman transport has recently been proposed as another mechanism for supplying new nitrogen to the Sargasso Sea [Williams and Follows, 1998 ]. As described in section 3.1, deep convective mixing and the classic spring bloom of the North Atlantic converts nitrate into particulate matter and dissolved organic matter which is then transported toward the center of the gyre by geostrophic and Ekman processes [Williams and Follows, 1998 ]. The estimated contribution of 0.03 -0.06 mol N m À2 yr À1 occurs primarily in the northern sector and again reinforces the argument for a dichotomy between north and south.
Summary
[64] At the close of the 1990s several questions have been resolved, and new ones have been posed. It seems clear that the f ratio in the Sargasso Sea is much higher than proposed 20 years ago by Eppley and Peterson [1979] . Newly identified physical mechanisms such as eddies and Ekman transport that were only suggestions early on have now been modeled, and their contributions have been estimated to be significant, at least for the northern Sargasso Sea. Although the magnitude is still somewhat uncertain, winter convection is a significant source of new nitrogen but, again, only in the subtropical region. Nitrogen fixation also appears to be much larger than once thought, not just in the Sargasso Sea Gruber and Sarmiento, 1997; Orcutt et al., 2001 ] but globally [Capone et al., 1997] . Understanding the controls on marine nitrogen fixation remains a major challenge [Karl et al., 2001] . Linking the nitrogen cycle to the carbon cycle of the Sargasso Sea, especially for the summertime TCO 2 drawdown, has begun, but quantitative understanding is still weak.
[65] The supply of sufficient new nitrogen to support the controversial estimates of the 1980s no longer appears to be a problem, at least for the subtropical area of the Sargasso Sea (Table  2) . Rather, there is now potentially a surfeit of nitrogen [Siegel et al., 1999] ! However, it is worth noting that the recent spate of new sources of nitrogen are being compared to geochemical new production estimates from earlier decades that exhibited variations in the depths of winter mixing and summer stratification (Figure 1 ) and were likely influenced by climatic impacts such as the North Atlantic Oscillation [Hurrell, 1995; Bates, 2001] .
[66] Given sufficient nitrogen sources, one is forced to consider the potential for limitation by other nutrients such as phosphorus or iron. The anomalous N:P ratio in the Sargasso Sea, for instance, means that the two largest new nitrogen sources, eddies and winter convective mixing, would expose phytoplankton to increased nitrogen but insufficient phosphorus. Similarly, the source of sufficient phosphorus for nitrogen fixers remains an issue, again because of depletion in surface layers. Vertical migration is a possibility, although that requires the colonies to reach a depth of 150 m in order to obtain reasonable levels of phosphate, and few colonies are ever observed at such depths. The role of iron in the Sargasso Sea remains uncertain, with attention focused so far on its role in high-nutrient, low-chlorophyll regimes. Dust deposition appears correlated with primary production [Kim and Church, 2001] and with nitrogen fixation in the Sargasso Sea [Orcutt et al., 2001] , suggesting that trace metal limitation could play an important role. have calculated that atmospheric iron inputs are sufficient to support the highest estimates of nitrogen fixation.
New Directions and Tools
[67] The past 3 decades of research into controls of primary and new production in the Sargasso Sea demonstrate the utility of applying new techniques to this most studied region of the ocean. Continued, strong interaction between biological, chemical, and physical oceanographers will certainly yield new insights, especially when moving from the local scale of direct measurements to the regional scale. New directions for the upcoming decade include resolution of the interpretation of N* by conducting cross-gyre measurements of DOC:DON:DOP and stable isotopes. Nitrogen fixation measurements on free-living trichomes and improved assessment of alternative nitrogen-fixing organisms such as Hemiaulus [Villareal, 1994] or bacteria [Zehr and Paerl, 1998 ] are needed. Coordinated mesoscale assessments of the carbon and nutrient cycles will foster understanding of the controls on the biological pump.
[68] Application of new tools such as the Sea-viewing Wide Field-of-view Sensor and Geosat should be expanded to better understand the regional and temporal scale of the different processes affecting the northern and southern reaches of the Sargasso Sea, especially eddies [Siegel et al., 1999] . Similarly, mooring technology McNeil et al., 1999] continues to improve and provide insights at timescales impossible to achieve from ships. The promise of autonomous underwater vehicles appears close to fruition, and the Sargasso Sea would be an ideal site for comparisons with the wealth of extant information.
